Abstract. Brain-derived neurotropic factor (BDNF) is a member of the neurotropin family. High levels of BDNF are associated with more aggressive malignant behavior in human cancer. In the present study, we observed the effect of cisplatin on BDNF expression in SH-SY5Y cells and investigated the mechanism of cisplatin in inducing the apoptosis of SH-SY5Y cells. Our results revealed that the expression of BDNF was obviously decreased in cisplatin-treated SH-SY5Y cells. In addition, the 3'-untranslated region of BDNF was found to be targeted by miR-16 using microRNA analysis software. After miR-16 was synthesized chemically, SH-SY5Y cells were transfected with miR-16 to investigate the regulatory role of miR-16 in regards to BDNF. The results showed that the expression of BDNF was markedly decreased in the miR-16-transfected cells when compared with that in the control cultures as determined by western blotting. Moreover, miR-16 expression was obviously upregulated in the cisplatin-treated cells when compared with the untreated controls. Furthermore, SH-SY5Y cells were xenografted subcutaneously in nude mice to study the effect of cisplatin on the growth of SH-SY5Y cells in vivo. The results further showed that cisplatin inhibited the proliferation of SH-SY5Y cells in the cisplatin-treated mice when compared with the saline-treated control. The expression of miR-16 was increased, while the expression of BDNF was decreased in the cisplatin-treated mice. Our results demonstrated that cisplatin downregulated the expression of BDNF through miR-16 to inhibit SH-SY5Y cell proliferation in vitro and in vivo. These findings provide the basis for new targets for drug design or cancer therapy.
Introduction
Neuroblastoma is one of the most common childhood tumors, usually diagnosed at a median age of 17 months (1). The tumor originates from neural-crest tissues, deep in the adrenal medulla and paraspinal ganglia, with no specific clinical presentations (2) . Approximately 50-60% patients are diagnosed with neuroblastoma at advanced stages (3) . In spite of multidisciplinary care, even the introduction of dose intensive chemotherapy (4) , the outcome of high risk neuroblastoma has achieved no significant improvement (5) , with a 5-year survival rate of <50% (6) .
Brain-derived neurotropic factor (BDNF), a member of the neurotropin family, plays a critical role in neuronal survival, differentiation and axon wiring through binding to its preferred receptor TrkB (tyrosine kinase receptor B) (7) (8) (9) . Research has demonstrated that BDNF-TrkB signals do not only regulate the growth of nerve neutrons, but also affect the development, invasion and outcome of many types of tumors, including lung (10), bladder (11) and pancreatic cancer (12) . A recent study showed that BDNF enhanced the proliferation and survival of transitional cell carcinoma (13) . High expression levels of BDNF are associated with more aggressive malignant behavior in human cancers, including pancreatic (14) and breast cancer (15) . microRNAs (miRNAs) are small non-coding RNAs, involved in the post-transcriptional regulation of gene expression. Through binding to the imperfect sequence of target mRNAs, miRNAs result in translational inhibition or destabilization of target mRNAs. miRNAs can act as tumor suppressors or as oncogenes (16) . miR-106a was shown to be upregulated in gastric cancer, having pro-tumorigenic effects (17) . miR-16 functions as a tumor suppressor and was found to be downregulated in mantle cell lymphoma SP cells by regulating Bmi1, leading to reduction in tumor size in lymphoma xenografts (18) .
Cisplatin is an effective drug in the in vivo treatment of neuroblastoma. It also can inhibit the growth of neuroblastoma cells and reduce cell viability (19) . In our previous study, we found that miR-21 expression was decreased after treatment with cisplatin, while MSH2 expression was enhanced (20) . In the present study, we further explored the mechanism of cisplatin in suppressing the proliferation of neuroblastoma cells and found that cisplatin downregulated the expression of BDNF through upregulation of miR-16 to inhibit SH-SY5Y cell proliferation.
Materials and methods
Cell culture. The neuroblastoma cell line SH-SY5Y, obtained from the Shanghai Institute of Biochemistry and Cell Biology (Shanghai, China), was cultured in DMEM/F12 (1:1) (HyCLone, Logan, UT, USA) with 10% FCS (HyClone), 100 U/ml penicillin and 100 µg/ml streptomycin at 37˚C in 5% CO 2 . Cells were detached from cell culture flasks with 0.25% trypsin when they grew and spread in the bottom of the flasks (at 48 h) and were subcultured in fresh culture medium.
Cisplatin treatment. SH-SY5Y cells in logarithmic phase were detached, counted and planted into cell culture plates. On the following day, different concentrations of cisplatin (0, 1.5, 3, 4.5, 6 and 12 µg/ml, separately) (QiLu Pharmaceutical Co., Ltd., Jinan, China) were dissolved in the culture medium. Cells were collected for subsequent experiments at 48 h after cisplatin treatment.
MTT detection. SH-SY5Y cells were planted into a 96-well plate at a density of 1x10 4 cells/well. The following day, each group was treated with corresponding concentrations of cisplatin according to the experimental design. MTT (10 µl) (5 mg/ml; Sigma, St. Louis, MO, USA) was added into each well after 48 h. Then, 100 µl DMSO (Sigma) was added to each well. The plate was shaken until the MTT was fully dissolved. After that, the OD value was measured with an enzyme-linked immunosorbent assay reader (ELx800, USA) at 570 nm. Cell growth inhibition rate was calculated as follows: Cell growth inhibition rate = (OD control -OD sample )/OD control x 100 (%).
Flow cytometric analysis. SH-SY5Y cells (8x10 4 ) were treated with cisplatin for 48 h, the culture medium was discarded, and the SH-SY5Y cells were collected. Binding buffer (500 µl) (KeyGen Biotech Co., Ltd., Nanjing, China) was added to the collected cells to suspend the cells. Annexin V-FITC (5 µl) was added with gently mixing. After that, 5 µl PI was added to the cells. The cells were incubated for 15 min and measured by flow cytometry (Beckman-Coulter, Inc., Brea, CA, USA) with a 488-nm exciting wavelength and a 530-nm emitting wavelength.
miRNA transfection. miR-16 and NC (control oligos) were chemically synthesized (GenePharma Co., Ltd., Shanghai, China). The sense sequence of the miR-16 was 5'-UAGCAGCA CGUAAAUAUUGGCG-3'; the antisense was 5'-CCAAUAUU UACGUGCUGCUAUU-3'. The sense sequence of NC was 5'-CAGUACUUUUGUGUAGUACAA-3'; the antisense was 5'-GUACUACACAAAAGUACUGUU-3'. The cells were treated with 1 µg oligos and 2.5 µl Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) as introductions. Cells were collected at 48 h after transfection.
SH-SY5Y cell xenografts and cisplatin interference.
BALB/C-nu mice (nude mice) were obtained from HFK Bio-Technology Co., Ltd. (Beijing, China). The nude mice were narcotized with 1.5% pentobarbital sodium and were injected subcutaneously with 1x10 7 SH-SY5Y cells. Tumors appeared 3 days after cell xenograft. When the tumor volume (V = length x width 2 /2, length>width) grew to 100 mm 3 , the mice were treated with 3 mg/kg cisplatin by intraperitoneal injection once every 4 days, the treatment was carried out 4 times all together. The control group was injected with the same volume of saline solution. After the last treatment, the mice were sacrificed to assess the tumors. The tumor weights were determined with an electronic scale. Subsequently, the tumor tissues were analyzed for the levels of miRNA or BDNF protein.
Western blotting. SH-SY5Y cells and xenograft tumors were collected and lysed to extract the total protein following cisplatin treatment. Protein (40 µg) of each sample was loaded respectively on each lane of a polyacrylamide gel. Protein bands on the separating gel were transferred to a PVDF membrane through a transfer device. Then, rabbit anti-BDNF polyclonal antibody (1:200; Santa Cruz Biotechnology, Santa Cruz, CA, USA) was added to the membrane for overnight incubation at 4˚C. The following day, the membrane was incubated in HRP-labeled goat anti-rabbit IgG for 2 h (1:6,000; Beijing Zhongshan Golden Bridge Technology Co., Ltd., Beijing, China). Finally, a chemical spectral imager (Tanon, China) was applied to observe the results.
Real-time PCR. RNAiso for small RNA (Takara, Shiga, Japan) was applied to extract miRNA from SH-SY5Y cells or xenografts. Poly(A) was added using poly(A) polymerase (Ambion, Foster City, CA, USA). The cDNA was synthesized by RT primer 5'-AACATGTACAGTCCATGGATGd(T) 30 N (A, G, C or T)-3'. The forward primer used to amplify miR-16 was 5'-TAGCAGCACATAAATATTGGCG-3' and the reverse was 5'-AACATGTACAGTCCATGGATG-3'. Forward primer of 5S rRNA was 5'-GCCATACCACCCTGAACG-3' and the reverse was 5'-AACATGTACAGTCCATGGATG-3'. SYBR ® Premix Ex Taq™ kit (Takara) is used to conduct qRT-PCR. The expression of miR-16 was assessed using the RG3000 system (Corbett Research, Sydney, Australia). Denaturing was carried out at 95˚C for 3 min; 40 cycles of 95˚C for 20 sec; annealing at 60˚C for 20 sec and extension at 72˚C for 20 sec. At each extension step at 72˚C, fluorescence was detected at 585 nm. The human 5S rRNA served as the control.
Statistics.
SAS software was used to analyze the significance of all results. The Student's t-test was used for inter-group comparison. A P-value <0.05 was considered to indicate a statistically significant result.
Results

Cisplatin inhibits the proliferation of SH-SY5Y cells.
To select an effective concentration of cisplatin for suppressing the proliferation of SH-SY5Y cells, an MTT assay was performed to determine the cell growth inhibition rate. The cell growth inhibition rate reached ~50% in the 6 µg/ml cisplatin-treated cultures (Fig. 1A) . The number of live cells was obviously decreased with increasing concentrations of cisplatin as noted under an inverted microscope (Fig. 1B) . The percentages of apoptotic cells were also increased with increasing concentrations of cisplatin as detected by Annexin V-FITC/PI analysis (Fig. 2) . These results showed that cisplatin inhibited SH-SY5Y cell proliferation significantly with increasing concentrations. Cisplatin decreases BDNF levels in SH-SY5Y cells. BDNF is a trophic factor for neuroblastoma cells (21) . To investigate whether cisplatin inhibits SH-SY5Y cell growth by regulating BDNF levels, the BDNF expression in SH-SY5Y cells was assessed following cisplatin treatment. Western blotting showed that the expression of BDNF was obviously decreased in the cisplatin-treated cells when compared to that in the untreated controls, and the levels of BDNF were significantly reduced following treatment with increasing concentrations of cisplatin (Fig. 3) . Thus, cisplatin suppresses SH-SY5Y cell growth by reducing BDNF expression. 16 . miRNAs can play roles as tumor suppressors or as oncogenes by regulating their target genes (16) . Yet, few studies have focused on BDNF-related miRNAs. Based on microRNA analysis online software (http://www.targetscan.org/ or http://www.microrna. org/microrna/home.do), we found that BDNF-3'-UTR is targeted by miR-16 (Fig. 4A) . Then, we synthesized miR-16 and transfected the SH-SY5Y cells with miR-16. Our results showed that the expression of BDNF was obviously decreased in the miR-16-transfected cells when compared with that in the scrambled oligos-treated cultures as determined by western blot analysis ( Fig. 4B and C) . These results showed that miR-16 negatively regulated BDNF expression. It is known that miR-16 can function as a tumor suppressor in mantle cell lymphoma cells (18) . Then, we studied the effect of overexpression of miR-16 on SH-SY5Y cells. We found that overexpression of miR-16 inhibited SH-SY5Y cell growth and induced cell apoptosis (Fig. 5) . The above findings revealed that miR-16 inhibits SH-SY5Y cell growth by negatively regulating BDNF.
BDNF expression is regulated by miR-
Cisplatin upregulates miR-16 levels in SH-SY5Y cells.
We demonstrated that BDNF is a new target of miR-16. Since cisplatin can also downregulate the expression of BDNF, we hypothesized that there may be a relationship between miR-16 expression and cisplatin treatment. To further test whether cisplatin affects miR-16 expression, real-time PCR was performed to analyze miR-16 levels following cisplatin treatment. After miRNA isolation and reverse transcription, we found that the expression level of miR-16 in cisplatintreated cells increased to a greater extent with increasing concentrations of cisplatin when compared with the untreated controls (Fig. 6) . Collectively, our results showed that cisplatin regulates SH-SY5Y cell proliferation by upregulating miR-16 to inhibit BDNF in vitro.
Cisplatin inhibits growth of SH-SY5Y cell xenografts by decreasing BDNF through miR-16.
To further investigate whether cisplatin inhibits SH-SY5Y cell growth in vivo, nude mice xenografted with SH-SY5Y cells were treated with cisplatin. We found that the tumor volume of SH-SY5Y cell xenografts in the cisplatin-treated nude mice was markedly reduced, and the weight of tumor xenografts was decreased when compared with these values in the saline-treated controls (Fig. 7) . To study whether cisplatin also affects miR-16 or BDNF expression in xenografts, we analyzed the levels of miR-16 or BDNF by real-time PCR or western blotting. Our result showed that the expression of miR-16 was obviously increased in the cisplatin-treated cells (Fig. 8A) , while BDNF levels were markedly decreased in the cisplatin-treated cells when compared with these levels in the saline-treated controls ( Fig. 8B and C) . Thus, cisplatin inhibits SH-SY5Y cell proliferation by upregulating miR-16 to inhibit BDNF in vivo.
Discussion
BDNF, initially identified as a neurotrophin, plays an essential role in a variety of neuronal functions, including proliferation, differentiation and survival in the central nervous system (CNS). It also contributes to the regulation of synaptic plasticity (22) . In many cancer studies, the expression of BDNF was found to be correlated with tumor progression or poorer prognosis. The increased expression of BDNF increased the risk of metastasis, regional invasion and mortality. It was found that BDNF was overexpressed in gallbladder adenocarcinoma compared with peritumoral tissues, adenoma, polyps and chronic cholecystitis samples (23) . In the present study, we also found that the expression of BDNF was increased in the SH-SY5Y neuroblastoma cells, and cisplatin inhibited the proliferation of SH-SY5Y cells in vitro and in vivo by downregulating BDNF expression.
Recent studies have shown that miRNAs are involved in the initiation and progression of cancer (24) . Approximately 17 differentially expressed miRNAs, including miR-339-5p, miR-423-3p, miR-19a, were reported to play important regulatory roles in the progression of lung cancer (25) . miR-7 was also found to be a tumor-suppressor gene in glioblastoma, and was associated with cancer cell proliferation, invasion and metastasis (26) . Overexpression of miR-7 not only induced A549 cell apoptosis and inhibited cell migration in vitro, but also reduced tumorigenicity in vivo (27) . miR-16 was also found to be a tumor suppressor and was downregulated in most solid tumors, such as ovarian, prostate and colorectal cancer (28) (29) (30) . Overexpression of miR-16 inhibited cell proliferation and induced cell apoptosis in CRC cells (30) . In the present study, our results demonstrated that overexpression of miR-16 inhibited the proliferation of SH-SY5Y cells, which further confirmed the suppressor role of miR-16 in neuroblastoma cells.
Recent studies have shown that the expression of BDNF is regulated by miRNAs in many CNS diseases (31-33). Lee et al (31) confirmed that the expression of miR-206 was increased in AD mice and human AD brains, and bioinformatics technology revealed that BDNF is a potential target of miR-206. miR-206-neutralizing antagomir was found to increase the brain levels of BDNF and improve the memory function of AD mice. miR-30a-5p overexpression reduced the levels of BDNF protein in rat forebrain neurons (32) . BDNF levels were also found to be a inversely correlated with miR-195 levels in a schizophrenic group (33) . Yet, few studies have revealed the mechanism of BDNF-related miRNAs in regulating tumor progression. BDNF was reported to be regulated by miR-204 in ovarian and breast cancers (34) . In the present study, our results further showed that BDNF is a target of miR-16, which induced the apoptosis of SH-SY5Y neuroblastoma cells by regulating the level of BDNF in vitro and in vivo.
Cisplatin is one of the first-line chemotherapeutic drugs used for the treatment of many solid tumors (35, 36) . Recent studies have indicated that miRNAs modulates the sensitivity to various chemotherapeutic drugs (including cisplatin) in many cancers by regulation of their target genes (37, 38) . miR-302a expression levels were upregulated by cisplatin in a dose-and time-dependent manner in NT2 cells, and miR-302a significantly enhanced the sensitivity of NT2 cells to cisplatin through the downregulation of p21 (37). Ryan et al (38) found that upregulation of miR-204 in neuroblastoma cell lines increased the sensitivity to cisplatin and etoposide significantly by targeting NTRK2 and BCL2 directly. Here, we found that miR-16 was upregulated in cisplatin-treated neuroblastoma cells and xenografts, suggesting that miR-16 is a target of cisplatin, and miR-16 overexpression may enhance the anticancer effect of cisplatin. Further results demonstrated that cisplatin downregulated BDNF through reducing miR-16 in SH-SY5Y cells.
In summary, the present study demonstrated that the expression of BDNF was regulated by miR-16 in SH-SY5Y cells, and cisplatin inhibited SH-SY5Y cell proliferation in vitro and in vivo by increasing miR-16 expression and downregulating BDNF levels. These findings provide evidence for new gene targets for neuroblastoma therapy. 
